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ABSTRACT 
The design, construction and testing of an autonomous un- 
derwater vehicle (AUV) for use as a research and development 
testbed at the Naval Postgraduate School (NPS) is presented. 
Design objectives, analysis and trade-offs are discussed with 
respect to a generic AUV with specific details for the case of 
the NPS AUV 11. System integration and flexibility are empha- 
sized in the subject vehicle to support presently planned and 
future research employment. Hull, mobility, sensors, automatic 
control, and energy subsystems are described. Design and fab- 
rication techniques for the NPS AUV I1 vehicle hull and equip- 
ment are documented. Some results from an experimental pro- 
gram illustrating verification of vehicle design are described. 
INTRODUCTION 
T h e  Naval Postgraduate School (NPS) has engaged in re- 
search with autonomous underwater vehicles (AUVs) since 
1987 funded by the NPS Direct Research Fund under the 
technical sponsorship of the Naval Surface Weapons Center 
(NSWC) at White Oak, Maryland. This inter-departmental 
(Mechanical, Computer Science, and Electrical and Com- 
puter Engineering) project has the goal of involving naval 
officer students through thesis research in the development 
of advanced control systems for use in AUVs-a critical 
technology for future naval missions. 
While unmanned underwater vehicles of many diverse 
types are in both military and commercial use, an important 
new feature of AUVs lies in the increased use of onboard 
automation with only intermittent high level communication 
with the user. Results of missions involving search, survey, 
area sanitization, object imaging and localization, surveil- 
lance and mapping would be obtained after post processing 
and data visualization. Thus the special features of the re- 
search at NPS are aimed at the concepts and surrounding is- 
sues in autonomous real-time control, mission planning (re- 
planning), obstacle avoidance, automated diagnostics and 
error recovery, navigation, guidance and autopilot systems 
for precision maneuvering and path tracking, object imag- 
ing, and data post processing for graphics visualization. Fur- 
thering the understanding of the dynamics of underwater ve- 
hicles, and the development of real-time control systems, 
however, has reinforced the need for a test vehicle that will 
conduct autonomous operations, having its own internal 
power, sensor processing and decision making capability. 
The first underwater vehicle constructed at the Naval 
Postgraduate School (Brunner, 1988), was designed to be 
small enough to operate in a 4-foot x 4-foot x 40-foot long 
test tank. These size constraints limited the vehicle’s inter- 
nal load significantly, so that it had to rely on external 
equipment for its operation. Radio control hardware and an 
umbilical were required to convey maneuvering command 
signals, vehicle sensor data, and power. Rapid depth chang- 
ing maneuvers were shown to be possible without the use of 
pitch gyros although the vehicle was too limited for investi- 
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Figure 1. Basic tradeoffs in design. 
gations of other more complex maneuvering situations. It 
became clear that a second vehicle should be designed and 
built with the primary mission of demonstrating the feasibil- 
ity of truly autonomous operation. 
The objectives of this paper are threefold: first, to pre- 
sent a design process with its necessary special considera- 
tions for AUVs; second, the application of that process to 
the design of the second generation model AUV, having 
the mission to demonstrate autonomous behavior within 
the confined space of a pool (or similar available body of 
water); and last, results from the initial phase of vehicle 
testing are examined as a part of the validation of this ef- 
fort. 
GENERAL CONSIDERATIONS FOR AUV DESIGN 
The design process for an autonomous vehicle, as with 
any total ship system, must begin with an assessment of the 
mission or series of mission objectives that the vehicle sup- 
ports and the operational and technical requirements that 
must be achieved. It is recognized, however, that this is only 
the first of perhaps many iterations of the process, since set- 
ting competing requirements often implies that difficult 
trade-offs have to be made, with possibly large impacts on 
overall costs. As the design progresses, the technical specifi- 
cations have to be adjusted, and sometimes conflicts can 
only be resolved by modifying to the mission requirements. 
This process is shown symbolically in Figure 1. While this 
figure shows the overall design activity relating mission def- 
inition, vehicle design, and cost definition, it is the middle 
activity that has the task of defining the vehicle subsystems, 
the interface variables, the significant effects, and the details 
of the major design trade-offs. This is provided as a prelimi- 
nary to the follow-on section which addresses the specific 
details of the design of the second generation vehicle, the 
NPS AUV 11. 
The need for autonomous operations will undoubtedly in- 
dicate that reliability, energy, and control functions will play 
a key role in the design of AUVs. For relatively long range 
missions (hundreds of miles), the energy system may be the 
dominant consideration. For long duration missions, even 
with short range, overall AUV reliability may be the domi- 
nant consideration, and will demand high reliability and 
possibly redundancy in both the computer hardware and 
software, as well as in the vehicle hardware systems. For 
short range special missions involving object/scene imagery, 
the sensor integration that is commonly done by human op- 
erators will need to be done by automated means, and data 
storage, retrieval and communication rate may dominate the 
design process. In general, the subsystems below have been 
identified as common to many vehicle mission needs, and 
Figure 2 is provided to illustrate the design spiral that in this 
case includes a counter rotation through the vehicle hard- 
ware considerations and the mission dictated information 
systems considerations: 
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Figure 2. Proposed AUV design spiral. 
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1. Hull (Containment System) 
2. Energy Storage and Power Plant (Energy System) 
3. Vehicle Motion Control System (Mobility System) 
4. Sensor Suite (Environment Awareness Systems) 
5. Obstacle Avoidance, Navigation and Guidance Systems 
6.  Autonomous Mission PIannerDeplanner 
7. Failure Diagnostics and Error Recovery System 
8. Workpackage Subsystems 
ACHIEVING OBJECTIVES 
FOR AUV I1 THROUGH DESIGN 
AUV I1 was devised to conduct research in autonomous 
control operations. The swimming pool located on the 
grounds of the Naval Postgraduate School was designated 
as a test area. Preliminary investigations were focussed on 
autonomous control of vehicle mobility using non-linear 
sliding mode methodology. This technique can take into ac- 
count the modeled nonlinearity in the hydrodynamic forces 
acting on the vehicle and achieve more precise control than 
using classical control methods, (interested readers may 
refer to Healey, Papoulias and Lienard 1990, and Yoerger, 
1985 for further detail). Also, multiple sensor fusion for de- 
cision making (Healey et al. 1990) was (and still is) an area 
of study using the capability of the vehicle. A mission for 
the vehicle at the present time is to conduct safe transits 
around the pool, using dead reckoning navigation to follow 
way point guidance commands, diving to depth on com- 
mand, turning at a specified distance from any wall encoun- 
tered, measurement of the bottom contour, and altitude reg- 
ulation control. Other missions include bottom search and 
obstacle avoidance. Later work will involve identifying ob- 
jects in the pool by shape or position, retaining information 
about the object for retrieval at the launching site, transition 
from cruise to hover modes, and launch and recovery. 
An outline concept indicated that, compared to AUV I, 
AUV 11 would be larger with similar shape, about seven feet 
long, with a displacement of about 350-400 pounds. Vehicle 
power would be supplied by batteries carried internally and 
an onboard digital computer would provide real-time auto- 
matic control as well as collect and process data from vehi- 
cle sensors. Obstacle avoidance sonar would be required. A 
testing duration equivalent to two hours was determined to 
be desirable for moderate test run speeds of about 2 feet per 
second. It was thought that the vehicle hull would be fabri- 
cated from aluminum or possibly a honeycomb composite 
sheet material. A detachable fiber optic data transmission 
link from the vehicle computer to a remote computer was 
envisioned in order to output data from the vehicle and to 
monitor the progress of research activities. No commands 
that would affect the mission were to be transmitted to the 
AUV except prior to launch. 
Preliminary considerations focussed on mobility, integra- 
tion of key subsystems, vehicle reliability and mission capa- 
bility. Some of the specific topics addressed in this paper re- 
sulted from specified requirements; the hull had a design 
depth of 25 feet and would incorporate compartmentation to 
isolate water intrusion; the energy system would provide 2 
hours of endurance at a speed of 2 feet per second; mobility 
design had to specifically address concerns related to the 
confined operating environment of the swimming pool and 
a figure eight maneuver in the pool was specified as a re- 
quirement. Additionally, the capability to transition from 
cruise to hover modes with acceleration and deceleration 
distances of two vehicle lengths was assumed. 
CONTAINMENT SYSTEM 
The AUV I1 hull form was influenced by the SDV IX 
Swimmer Delivery Vehicle as a concept for a maneuverable 
work vehicle, though the proportions differ due to internal 
equipment space requirements (Crane, et al. 1978). A key 
issue at the early design stage involved the trade-offs be- 
tween the number of batteries required and their sizes. Bat- 
teries require more careful placement than circuit cards or 
sensors, since they would have a greater effect on vehicle 
dynamics by virtue of their mass and location. It was decid- 
ed that some reserve space should be provided for unexpect- 
ed growth and future research equipment. After some con- 
sideration, a vehicle body (less the nose) having dimensions 
of 10 inches in height, 16 inches in width and 68 inches in 
length was agreed on for construction planning. 
Hull design was approached with several criteria in mind; 
fabrication difficulty, strength and internal equipment ar- 
rangement. Fabrication concerns had the greatest emphasis 
since they reflected the most practical aspects of the hull de- 
sign. As previously mentioned, aluminum and a honeycomb 
composite material were suggested as hull material altema- 
tives. While the composite held much interest as a newer 
technology, aluminum was chosen for hull construction since 
it presented no technical production challenges, was not the 
focus of the research project, and also had a great ability to 
act as a heat sink for the electronic components and motors. 
Overheating was a concern given the estimated level of 
power consumed in the vehicle and the warm temperatures 
possible in the swimming pool. A1 5052 alloy was selected 
based on weldability, availability and ease of fabrication. 
Several alternatives were considered for the vehicle body 
structural design; an aluminum bar frame with inset alu- 
minum plate panels, a thin aluminum sheet bent to shape 
with an internal framework and a thicker aluminum plate 
bent to shape. This third method was attractive due to its 
simple one piece construction and minimization of mechani- 
cal joints which would require sealing. Hollow rectangle, C- 
channel and open channel sections were considered in an 
analysis of the vehicle midbody structure. After bending 
strength, resistance to hydrostatic pressure and resistance to 
a torsional loading were examined for each of the possible 
hull structure options, it was decided that a solid 0.25 inch 
thick plate bent into a C-channel hull shape was the best op- 
tion because of its simplicity and, unexpectedly, its higher 
weight which minimized the need for lead ballast to com- 
pensate for the vehicle’s displacement. 
NOSE/SONAR 
The nose structure for AUV I1 was expected to enhance the 
smooth flow around the vehicle and serve as a housing for 
various vehicle sensors, most notably sonar. Obstacle avoid- 
ance, altitude and depth sensing issues were addressed with 
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the notion that single beam ultrasonic sensors would be inte- 
grated into the overall computer control of the vehicle. Four 
Datasonics transducers were configured looking forward, 
sideways and downwards through the vehicle nose. Although 
a dry nose interior was initially envisioned, after sensor layout 
and sonar performance were considered it became evident 
that a wet nose would be desirable. To reduce pressure drag 
effects and provide a smooth hydrodynamic front end, it was 
decided to use a nose shape which was essentially half of an 
ellipsoid faired into a rectangular base. The question of a suit- 
able material for the nose was discussed and it was apparent 
that metal would be difficult to form in the complex shape de- 
sired, and that a glass fiber reinforced plastic (GFRP) nose 
shape could be produced through the use of an open mold 
process with contact molding techniques. Nose strength, par- 
ticularly the resistance to impact, was a concern and although 
finite element analysis of the GFRP material is possible, it 
was beyond the scope of this effort. 
The wet nose concept seemed particularly beneficial to 
sonar performance. Since the air-fiberglass-water interfaces 
would be eliminated, signal attenuation could be reduced. 
Building the fiberglass up to a thickness corresponding to a 
half wavelength of the sonar transducer frequency would also 
minimize losses. A thickness of about 0.17 inch corresponds 
to a half wavelength for the 200 KHz frequency Datasonics 
transducer. The fabricated thickness was specified to be less, 
about 0.125 inch, to allow for changes in the mounting angle 
of the transducer during testing. When the angle was finally 
set, a fiberglass patch could be bonded to the inside surface of 
the nose to provide a mounting surface of the correct thick- 
ness. The 0.125 inch thickness was expected to provide the 
nose with adequate rigidity. In the final configuration, howev- 
er, problems with the transmission of the sonar signals 
through the nose led to the use of port holes cut in the nose 
and covered by thin plastic sheet. Shrouds over the transduc- 
ers were also placed to eliminate side lobe effects and en- 
hance signal recovery (Lorhammer, 1989, Floyd, 1991). 
HULL / PROPULSION / ENERGY SYSTEM 
A key to achieving basic vehicle autonomy for pool oper- 
ations was having an adequate energy system onboard AUV 
I1 so that it could sustain all vehicle functions for at least 
two hours of operation. Electrical power had to be available 
to run vehicle ‘hotel’ systems such as the computer, sonars 
and other electronics, in addition to power for mobility. An 
estimate of mobility power requirements had to be made to 
support the varying operating characteristics that might be 
expected in a given pool mission. AUV I1 would have to be 
capable of full speed cruising with active control surfaces as 
well as extended hovering using thrusters. The two maneu- 
vering systems were not expected to run at rated capacities 
simultaneously. This simplifying assumption made the task 
of estimating power loads more workable. 
Propulsion power for transit conditions is closely tied to 
vehicle hull form. In surfaced submarines, their drag-weight 
resistance ratios are slightly higher than those of other dis- 
placement ships due to skin friction drag, but when deeply 
submerged, they may have a low drag coefficient (Hoerner, 
1965). In describing the fluid dynamic drag of the blunt 
body AUV I1 shape, several different aspects had to be con- 
sidered together, including the wave drag, friction drag, sur- 
face area drag, frontal area drag and drag due to ap- 
pendages. Hoerner shows that wave drag is minimal at 
depths below about half a vehicle length. Since AUV I1 was 
expected to operate at mid-depth or near the bottom of a 
pool which is up to 8 feet deep, the wavemaking drag com- 
ponent for the vehicle was not taken into account. The total 
drag is then represented by a sum of the individual compo- 
nents for total frontal area drag, total surface area drag and 
total friction drag: 
C D  = 0.1+0.0058+0.005 
The total coefficient drag of AUV II was thus estimated 
to be 0.1 1. However, given the added drag effects of a non- 
smooth (real life) hull and appendages such as the control 
surfaces and stem propeller gear, a drag coefficient in the 
range of .15 - .20 seemed more appropriate for AUV I1 de- 
sign purposes. Figure 3 shows the result of the force-veloci- 
ty character of the vehicle to estimate the thrust required to 
overcome drag. Recognizing that the propellor thrust under 
way is less than the bollard pull thrust, an initial estimate of 
one pound total was made for the steady thrust requirement 
under way, and about 2 pounds of bollard pull. 
Dynamic thrust and power for vehicle acceleration and 
deceleration was indicated by the need to hover and control 
to stationkeeping requirements. Based on the longitudinal 
motion of a projected vehicle mass near 400 pounds, and a 
required stopping distance of 2 vehicle lengths (12 ft) from 
a speed of 2 ft/sec, with a net deceleration of about 0.167 
ft/sec*, a total thrust of about 2 lb force (1 lb thrust each pro- 
peller) was seen to be necessary in terms of ‘bollard pull’. 
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Figure 3. Force velocity estimate for the NPS AUV 11. 
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GESPAC 
This requirement-not inconsistent with the cruising speed 
thrust requirement-was set as the thrust design goal. 
POWER SOURCE 
5. ri- 12 2 3 . 0 2  14 VOLT BATTERY NO I wrm 
DC-DC CONVERTERS 
To maintain high reliability with system simplicity it was 
proposed that lead acid gel cell batteries be used for power 
since they were easily obtained and inexpensive. An advan- 
tage existed with lead-acid cells in terms of future power re- 
quirements. If the vehicle needed more power, a denser en- 
ergy source could achieve the boost with the same volume. 
Power is required for the major subsystems including 
propulsion, computer, sensor suites, sonars, control surface 
actuation, and thrusters. An analysis of hotel and live loads 
is presented in Table 1. For a two hour duration, a total of 
937 watt-hours was estimated. Final installed energy storage 
is currently at 1185 watt-hours. 
DIRECTIONAL 
MOBILITY/MANEUVERING PERFORMANCE 
2d (1 z DITTO 
Achieving superior maneuverability was an important 
goal of the design effort since the NPS swimming pool was 
a relatively confined environment and the vehicle needed to 
execute accurate path following as well as rapid course 
changes to avoid obstacles. A system employing four tunnel 
thrusters in an arrangement similar to that used in the Navy 
DSRV was envisioned, and a detailed design effort on con- 
trol surfaces was foreseen. Because some geometric simili- 
tude with the SDV IX body shape was noted, it was felt that 
the SDV IX and the AUV I could be qualitative references 
for the AUV I1 maneuvering studies. The SDV IX hydrody- 
namic model was available in the form of a FORTRAN 
code which could be extended to simulate the dynamic re- 
sponse of the new vehicle and provide a starting point for 
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CONTROL SURFACES 
An assessment of the literature (Rawson and Tupper, 
1976, Comstock, 1967, Lewis, 1988) yielded recommenda- 
tions to use a NACA 0015 foil section for the control sur- 
face geometric shape with a 3:l aspect ratio. As a result of 
early experimental work (Wicker and Felner, 1958), its lift, 
drag, and center of pressure characteristics are well known, 
the remaining decision being the sizing. 
It is still true that a purely analytical determination of 
control surface sizing is not possible. Vehicle maneuvering 
performance depends on control surface size as well as the 
vehicle characteristics so it is not surprising that empirical 
rules are in use, as in the DnV code, area coefficient guide- 
lines, and the Jackson rule. Several methods were compared 
to determine appropriate sizing of the rudders and planes for 
AUV 11. These results are presented in Table 2. The SDV IX 
and AUV I were included in the analysis to help character- 
ize the results obtained with each technique. From left to 
right, the table shows results from the rudder area coeffi- 
cient and Det Norske Veritas (DnV) methods (Landsburg, 
1983), the method used for control surface sizing devised by 
Jackson, and, three ratios corresponding to the square of the 
length ratio, wetted surface area ratio and the volume ratio 
raised to the two thirds power. For these scale factors, the 
SDV IX assumed the role as ship with the AUV I and AUV 
I1 as two models having different scale ratios to the SDV 
IX. Out of the six examined, the “Jackson” method gave the 
best agreement with actual control surface sizes used on the 
SDV IX. Applying it to AUV I1 yielded values for rudder 
and stem plane areas which were considered to be sound es- 
timates of the requirements for moderate maneuverability. 
In this computation 32.5 in2 would be the nominal area for 
two planes, 65 in2 being twice the nominal requirement. 
TURNING PERFORMANCE SIMULATIONS 
In order to gain a better sense for the vehicle’s projected 
maneuverability, the FORTRAN code hydrodynamic model 
of the SDV IX was developed, normalized by vehicle 
length, to provide a comparison of tactical diameters associ- 
ated with rudder size. Computer simulation was performed 
for the scaled vehicle with a rudder of nominal size (Jackson 
Method) to give an estimate of the tactical diameter of AUV 
11. The resulting turning circle, shown in Figure 4, of almost 
5 vehicle lengths was considered to be too large for the 
pool. Further dynamic simulation with doubled rudder area 
reduced the AUV’s tactical diameter down to about 3 vehi- 
cle lengths. Tripling the area yielded a further decrease to 
less than 2.4 vehicle lengths as shown in Figures 5 and 6. In 
the case at hand, the need for high maneuverability in the 
pool indicated that a doubled nominal area was appropriate 
and with this tactical diameter, the vehicle would be able to 
perform a full “S” type tum across the width of the NPS 
pool with some room to spare. 
ARRANGEMENT ALTERNATIVES 
The original concept for the control surface arrangement 
was much like that for the SDV IX and AUV I, with the ex- 
ception of the stem surfaces being arranged in a cruciform. 
Two bow planes were planned to enhance vertical plane ma- 
neuverability. After the turning performance of AUV I1 was 
demonstrated in simulation, some imaginative ideas were 
suggested to enhance horizontal plane turning. The final 
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Table 2. Table of Control Plane Sizing. 
VEHICLE CONTROLSURFACE AREATOTAL(in.sq.) DnV JACKSON L1 L2 L3 
SDV Mk. 9 Bow Planes 459 
--- --- ---- Rudders 265 360 273 
Stem Planes 684 330 650 --- --- --_- 
AUV I Bow Planes 9.5 _ _ _  _-- 5.54 5.74 5.37 
Rudders 6.8 2.55 3.62 3.2 3.31 3.10 
Stem Planes 6.4 2.66 7.25 8.27 8.57 8.0 
_ _ _  - _- --- -- AUV I1 Bow Planes 65 
Rudders 65 21.7 32.5 26.7 23 23 
Stem Planes 65 24.3 52.9 69 59 59 
NOTES: L1 denotes a scale factor based on the square of the vehicle length ratios 
L2 denotes a scale factor based on the vehicle wetted surface area ratios 
L3 denotes a scale factor based on the 2/3 power of the vehicle volume ratios 
-Y/L 
0 2 4 
X/L 
Figure 4. Turning circle estimated 
for initial rudder area design (nominal size). 
design, dubbed the Highly Maneuverable AUV, is shown in 
Figure 7. It was thought that the action of the forward rudders 
would reduce dynamic stability of the vehicle’s motion and 
help make turning more rapid. This type of performance is 
demonstrated by ferries which use bow rudders for improved 
backing and turning control (Hoemer, op. cit.). In this schehe 
all the control surfaces have the same size (32.5 in*) for sim- 
plicity. Though this meant that the bow mounted surfaces 
would be larger than originally conceived, it was thought that 
the automatic control system could compensate for the differ- 
ence and performance would not be adversely affected. Vehicle 
trials have now demonstrated the validity of this assumption. 
SERVO CONTROL 
Small size radio controlled servomotors are in common 
use for small model airplanes and helicopters. To determine 
their suitability for NPS AUV 11, a spreadsheet was created 
with lift, drag, and center of pressure information to esti- 
mate the loads that a control surface might put on the servo 
assembly. The chordwise torque exerted on the shaft joining 
the wing and servo was of greatest concern in the servo ex- 
amination. The effect of spanwise torque was considered as 
the criteria for shaft sizing. A maximum possible lift value 
was determined as 5 Ib. for the foil at a 23 degree angle of 
attack with a velocity of 5 feet per second. Although this 
was an extremely overdesigned speed from the standpoint of 
vehicle powering, it seemed like a solid upper bounding 
case. The drive torque for a shaft located close to the bal- 
ance point appeared to be less than a few ounce inches. The 
projected use of radio controlled model servos having a ca- 
pability of up to 60 oz.-in. of torque was thereby justified. 
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Figure 5. Twice nominal area turning circle. 
Figure 6. Three times nominal rudder area turning circle. 
STERN PROPULSION 
Provision of a thrust level of one pound per shaft was re- 
quired under way at 2 ft/sec. Preliminary testing with 3 inch 
and 4 inch propellers (Saunders, 1990), demonstrated that a 
4 inch diameter propeller would provide adequate thrust. 
The incorporation of a Kort nozzle into each stem propeller 
assembly, although not done yet, has been shown to provide 
up to 40% enhancement in the bollard pull force of these 
small thruster units. 
Figure 7. Photograph of the highly maneuverable NPS AUV 11. 
Electric motors were chosen to provide propulsion for 
AUV 11. A prototype shaft drive system having two motors 
ganged together by a cogged belt was built and tested. 
Motor overheating problems, however, demonstrated the ne- 
cessity for a single larger stem drive motor on each shaft in 
AUV I1 and 1/8 hp. Pitman DC servo motors were used with 
voltage range to 24 volts and up to 7 amps current draw. 
Static thrust is proportional to propeller speed (voltage) 
squared as shown in Figure 8. 
THRUSTERS 
The DSRV-like arrangement of four through-body tunnel 
thrusters was aFpealing from the standpoint of hull hydrody- 
namics as well as the ability to impart an effective body mo- 
ment on the vehicle with combined operation of fore and aft 
units. The modeling of this system for hovering control pur- 
poses also seemed fairly direct due to the orthogonal nature 
of the thrust vectors produced. The thrusters were arranged 
in pairs, forward and aft, in the vehicle. Each horizontal 
thruster would be located nearest the bow or stem, com- 
pared to the vertical thrusters, to impart the greater effective 
moment on the vehicle because it was thought that the vehi- 
cle would perform more sideways or horizontal rotation 
thrusting at a constant depth when performing a sonar scan 
of an object in the pool. Vertical thrusters would act primar- 
ily to counter the vehicle’s slight positive buoyancy and 
maintain depth while the vehicle was moving too slowly to 
achieve depth keeping with the control surfaces. In order to 
meet the movement requirement, and noting that no currents 
would be present in the pool, i t  was thought that the 
thrusters would have to produce at least 1 pound of thrust 
per unit. A novel direct gear driven thruster, with a Kaplan 
type impeller, fabricated in plexiglass, was designed for 
testing and prospective vehicle installation. Figure 9 shows 
a view of the proposed vehicle arrangements. 
AUTOMATION & INTELLIGENT VEHICLE CONTROL 
The task of providing real-time control of the AUV I1 
systems must be addressed as a parallel effort in the design 
spiral. A structure of the intelligent autonomous control sys- 
tem in the process of implementation in AUV I1 is given by 
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Figure 8. Propeller thrust (Ibs.) versus propeller speed (rpm) 
under bollard pull conditions. 
real time on a Gespac onboard computer. 
Initial designs for the computer system were based on an 
MS-DOS operating system laptop computer. Such a ma- 
chine had light weight-nly 15 Ibs.-and had space for the 
connection of analoddigital converter (AD) cards for signal 
interfacing. However, to allow for extensions to multi-task- 
ing environments with higher speed and lighter weight a 
Gespac was selected. The CPU is a Motorola 68030 
25MHz. processor with a G-64 bus, an 0s-9 multi-tasking 
operating system, and a RAM (random access memory) ex- 
tension to 2Mb. Hardware and software conduct the pro- 
cessing of sensor data and provide vehicle control in a sin- 
gle process (at the present time) running at a 10Hz. update 
rate. Control code is written in “C” although an effort is 
presently underway to examine the use of “ADA” for per- 
forming the same functions. Implementation of the control 
techniques is part of the vehicle mechanical design and the 
hardware used to accomplish control must be selected and 
integrated into the overall design process. 
SENSOR REQUIREMENTS AND ISSUES 
Sensors are an important part of any automatic control 
system and an AUV is no different in this regard. Internal 
sensors are necessary to provide measurement of vehicle 
motion variables and internal systems dynamics and status; 
external sensors are necessary to monitor the environment 
and mission dependent data as from sonar, video, and acous- 
tic/laser/radio communications. 
Internal sensors may include: 
1. Rate gyros and accelerometers, 
2. Pitch and roll attitude, 
3. Directional gyro/compass for heading, 
4. Water depth pressure cell, 
5. Speed sensor (paddle wheel), 
6. Doppler sonar for speed over the bottom, 
7. Motor shaft speed, 
8. Thruster motor speeds, 
the diagram in Figure 10 (Healey et al. 1990), in which the 
mission details are determined off-line and down loaded 
into the onboard computer in terms of geographic way- 
points, target points and task descriptors at those targets. An 
autonomous guidance and autopilot system using Sliding 
Mode methodology has been developed and is implemented 
within the framework of a single loop process operating in 
Computer and A/D D/A 
T h r u s t e r s  D r i v e  M o t o r s  
Gyroscopes  
LSonar T r a n s d u c e r s  
B a t t e r i e s  
Figure 9. 
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9. Control surface deflections, 
10. Systems status monitoring voltages and currents, 
and possible external sensors are: 
11 .Obstacle avoidance sonars, (front, side), 
12.Altitude sonar (downward), 
13.Video pan and tilt, 
14.Acoustic / laser / radio communications. 
Integration of all sensors into the computer control is done 
through power and signal conditioning boards linked to the 
vehicle computer AD cards and parallel interface boards in- 
stalled into the computer backplane. Bidirectional sig- 
nals(+/-) are conditioned for a 5 volt zero mean and all A/D 
cards are 0-10 volts. One way signals such as depth range 
from 0- 10 volts. Conditioning the signals from the direction- 
al gyro required production of a separate 400 Hz. supply fol- 
lowed by a syncl-qo to digital connection to the parallel in- 
terface card. The present configuration of AUV I1 does not 
include sensor items 6, 13, or 14. 
Operating ultrasonic transducers in a reverberant environ- 
ment such as a swimming pool deserves some special com- 
ment. Separate study by Lorhammer (1989) showed that 
side lobe attenuation was necessary and that pinging at 10 
Hz. was needed for tracking range from a maneuvering ve- 
hicle. The single beam sonar did seem to pick out the end 
and side wall obstructions well. Recent work fusing both 
forward and side looking sonars to identify pool shape has 
proven to be reasonably satisfactory (Floyd, 199 1) even 
though further research is clearly needed. 
Vehicle navigation is accomplished by dead reckoning at 
the present time. Speed is sensed by the paddle wheel and 
heading by the directional gyro. Side slip is ignored, al- 
though its effects have been estimated off-line using a 
model based observer. The paddle wheel sensor has been 
calibrated by fusion with the forward sonar through a 
Kalman filter to find the scale factor and bias. This same 
technique is useful in on-line calibration of rate gyro gain 
and bias and has been applied to the recalibration of the yaw 
rate sensor. Although a strapdown inertial navigation system 
capability is in place, the accuracy achievable with off the 
shelf components is not expected to be better than using 
dead reckoning in the manner described. AUV navigation 
by inertial means, because of the low accelerations in- 
volved, is expected to require frequent fixes from the global 
positioning system (GPS). This subject is ongoing as a re- 
search topic. 
VEHICLE TESTING 
NPS AUV I1 was launched by RAdm West on 15 June 
1990 and has been used in experimental work since 15 
March 1991. The vehicle shown in Figure 7 is launched into 
the pool using a launch ramp after the particular mission is 
downloaded into the Gespac computer. Downloading is ac- 
complished through a modem link from the GridCase laptop 
which has precompiled executable modules installed for 
each mission scenario to be run. A 'sleep' command is in- 
cluded in the control code where the forward control fin op- 
erates between + and - 0.4 radians to indicate that all sys- 
tems are alive. Once the mission is activated, the vehicle 
propellers reach their set point command and the vehicle ac- 
quires depth and heading at speed. All pertinent variables 
are recorded at 10 Hz. and stored in RAM for later recovery 
and post mission analysis. 
One typical run in which the vehicle mission is to execute 
a figure eight maneuver in the pool with rudder commands 
set to switch at predetermined intervals of time is given by 
the results in Figures 11-17. In Figure 1 1, the X-Y plot of 
the vehicle path is shown. This result is found from the ve- 
hicle navigation module which is based on dead reckoning 
without side slip corrections. Side slip corrections are con- 
sidered to be an essential addition to the navigator and are 
being studied since these maneuvers are intense. The com- 
Naval Engineers Journal, May 1992 199 
NPS AUV I1 AUTONOMOUS UNDERWATER VEHICLE TESTBED HEALEY/GOOD 
mand for rudder angle at +/- 0.35 radians is given in Figure 
12 and the resulting response in terms of vehicle yaw rate 
and heading is clearly shown in Figure 13 and 14. It is im- 
portant to note that the turning circle diameter is close to 
that specified as required at three vehicle lengths (21 feet). 
The vehicle speed response is shown in Figure 15 as sensed 
by the paddle wheel sensor. The vehicle in straight run oper- 
ations has been found to achieve a speed of over 2 ft./sec. as 
designed. 
Figures 16 and 17 are included to illustrate the nature of 
the sonar return signals from the forward looking obstacle 
avoidance sonar and the leftside sonar (views in the direc- 
tion of negative Y). These returns have some characteristic 
loss of lock on target evidenced by large sudden change of 
estimation of range followed by a filter washout response 
before true range is subsequently acquired. This process is 
hard to work within autonomous controllers and is the sub- 
ject of continuing investigations. Further discussions of this 
subject appear in Floyd, ( 199 I ) .  
Figure 11. Vehicle path found by dead reckoning for figure 
eight maneuver in the NPS swimming pool, 
(Taken from Run No. 8-5-91-5). 
SUMMARY AND CONCLUSION 
In summary, a vehicle has been designed and is currently 
operating in the NPS swimming pool under autonomous 
control. Mission details are preprogrammed and downloaded 
via modem to the onboard computer which then drives the 
vehicle to complete the mission. Pool circling including wall 
object avoidance, way point acquisition, and bottom follow- 
ing have been demonstrated. 
The design considerations including containment, power, 
mobility, and control systems have been discussed and ex- 
periments have proven that the vehicle performance specifi- 
cations have been well met. A design spiral has been pre- 
sented that includes considerations necessary to the design 
of autonomous underwater vehicles for future use in the 
U.S. Navy. 
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